Abstract: A four-core fiber is coupled to a silicon photonic chip by photonic wire bonding. The technique does not require active alignment and is well suited for automated fabrication. Measured coupling losses amount to 1.7 dB.
Introduction
Multi-core fibers (MCF) allow to dramatically increase the transmission capacity of optical links by space-division multiplexing (SDM) [1] . For addressing the individual cores of an MCF, dedicated fan-out assemblies are required that are based on either laser inscription [2] or laminated polymer waveguides [3] . These fan-out devices are bulky and costly and could be avoided when directly coupling the MCF cores to integrated optical circuits. A direct connection between a silicon photonic chip and a seven-core fiber has been demonstrated by using grating couplers, arranged to fit the positions of the MCF cores [4] . However, rather high insertion losses of 9.8 dB were measured for the fiber-chip interface, and elaborate active alignment is needed to adjust the position of the MCF in all translational and rotational degrees of freedom. The technique is therefore not very well suited for industrial mass production. Moreover, the scheme suffers from limited accuracy of core placement within the MCF cross section and does not allow for flat packages, where the fiber axis and the chip surface are positioned in a common plane.
In this paper we show that photonic wire bonding [5] provides an alternative for MCF-chip interfaces that can overcomes these limitations. The technique does not require active alignment, can easily cope with tolerances of core placement, and lends itself to automated mass production. Moreover, the fiber axis lies in the same plane as the chip surface, thereby greatly simplifying integration into standard packages. In a first proof-of-principle experiment, we demonstrate coupling of a four-core fiber to a silicon photonic chip with insertion losses of down to 1.7 dB. Figure 1 (a) shows an SEM picture of the fabricated interface between an MCF and a silicon-on-insulator (SOI) chip. The interface consists of four photonic wire bonds (PWB) that connect the individual cores of the MCF to different on-chip waveguides. The PWB structures are fabricated by direct-write 3D laser lithography based on two-photon polymerization, see [5] for a more detailed description. In a first step, the fiber and the photonic chip are mounted to a common carrier using standard pick-and-place machinery with moderate precision. The interconnect regions are then embedded into a negative-tone photoresist, and the actual positions of the MCF cores and SOI waveguides are detected. The shape of the PWB waveguide is adapted to these positions, which makes high-precision alignment of the MCF obsolete and allows for compensation for any core placement tolerances. The PWB structures are defined by direct-write two-photon lithography. After removing unexposed resist material in a development step, the resulting PWB can be embedded in a low-index cladding material for mechanical protection.
Device concept and fabrication
In our experiment, we use a four-core fiber provided by Fibercore Inc. (SM-4C1500), having a mode-field diameter of 8.4 µm with a numerical aperture of 0.15. The cores are positioned in the corners of a square. For low-loss coupling to the MCF cores, the photonic wire bonds are equipped with taper sections that adapt the mode profiles. In a first approach, we used simple linear tapers with round cross sections. The tapers are 60 µm long and have a diameter of 12 µm at the interface to the MCF, whereas the PWB cross sections in the un-tapered regions are designed to have a diameter of only 2 µm. At the interfaces to the silicon chip, another set of tapers is used for mode matching. These tapers are 80 µm long and have rectangular cross sections, similar to the structures described in [5] . In the lithography step, a two-stage writing strategy is used to define the PWB structures, see Fig. 1(b) : The inner volume is exposed first by writing spiral lines, and an outer shell is then added to smoothen the surface. To maintain singlemode operation of the 2 µm-thick PWB sections, we immerse the photonic wire bond into an index-matching liquid with a refractive index of 1.33 to emulate a low-index cladding material.
Experimental Demonstration
For measuring the insertion losses of the MCF-chip interfaces, we used the setup is depicted in Fig. 2(a) . Light is coupled to the individual SOI waveguides via grating couplers and then passed on to the MCF cores via the PWB interface. The cleaved output facet at the far end of the MCF is scanned by a lensed fiber to measure the power cross-sectional distributions depicted in Fig. 2(b) . The best performance is found if light is launched into waveguide number 2. In this case we measure a total transmission of -9.7 dB for an ideal alignment of the lensed SMF. Taking into account insertion losses of 4.8 dB at the grating-coupler interface and another 3.2 dB of coupling loss between the MCF core and the lensed fiber, we find a net insertion loss of 1.7 dB for the PWB interface. The losses of the grating coupler interface were determined from a reference measurement, revealing a transmission of -9.6 dB when coupling light through a simple SOI waveguide with two grating couplers. Similarly, the insertion loss between the MCF core and the lensed fiber has been obtained from a reference transmission experiment comprising a pair of lensed fibers and a piece of MCF. Applying the same technique to the remaining bonds 1, 3, and 4, we find insertion losses of 3.5 dB, 2.5 dB, and 6.8 dB, respectively. The bad performance of bond 4 is attributed to surface roughness originating from imperfect fabrication processes, see Fig. 1(a) . Moreover, shrinkage of the resist after exposure has led to stretching of the PWB, also visible in Fig. 1(a) . We believe that transmission and uniformity of the MCF-chip interfaces can be significantly improved in the future by optimized taper structures and fabrication processes. 4. Summary 
